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INTRODUCTION

Ubiquitination is one of the most versatile posttranslational
modifications and is indispensable for cellular homeostasis.

Ubiquitin precursors are posttranslationally processed into pep-
tides of 76 amino acids (5), and covalent attachment of these pep-
tides to target proteins alters their functional properties. The
transfer of ubiquitin to its substrate occurs in a three-step enzy-
mological process. Ubiquitin is first activated by formation of a
high-energy thioester bond with a ubiquitin-activating enzyme
(E1) in an ATP-dependent manner. Ubiquitin is then transferred
to a ubiquitin-conjugating enzyme (E2) (165), which, in associa-
tion with a third enzyme called the ubiquitin ligase or E3, deter-
mines the substrate specificity and transfers a single activated
ubiquitin molecule to the �-amino group of a lysine residue on the
target protein. Only two ubiquitin-specific E1 enzymes and 38 E2
enzymes have been identified in humans, but about 600 E3 ubiq-
uitin ligases are encoded in the human genome. The E3 family can
be divided according to the presence of conserved catalytic do-
mains into three groups: HECT (homologous to E6-associated
protein [E6AP] C terminus) (116) and those containing a U box
(43) or RING (“really interesting new gene”) domain (19). Each

E3 also harbors distinct protein interaction motifs that play a role
in determining substrate specificity.

Ubiquitination can be monomeric, but the initial attachment
of a single ubiquitin molecule to its substrate is typically followed
by attachment of a ubiquitin peptide to start the formation of
multimeric polyubiquitin chains. During this process, each of the
seven lysine residues of ubiquitin (K6, K11, K27, K29, K33, K48,
and K63) can be used to generate isopeptide bonds between se-
quential ubiquitin molecules. Additionally, ubiquitin can be con-
nected head to tail by linking the carboxyl terminus of one ubiq-
uitin molecule to the amino terminus of the next molecule to
generate linear ubiquitin chains. Each chain takes on a distinct
three-dimensional conformation that can be recognized by dis-
tinct ubiquitin binding domains (UBDs) present in a wide variety
of proteins. The type of ubiquitination determines the fate of the
ubiquitinated protein. For example, K48-linked polyubiquitina-
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tion is required for proteosomal degradation of a protein, whereas
K63-linked polyubiquitination is associated with nondegrada-
tive signaling events (51). Although K63-polyubiquitin chains
have been shown to bind the proteasome in vitro, there is no
evidence that K63-polyubiquitinated proteins are targeted for
proteasomal degradation, possibly because these ubiquitin
chains are bound to proteins containing certain UBDs and thus
are not delivered to the proteasome. Protein ubiquitination is
reversible. It is estimated that the human genome encodes ap-
proximately 100 ubiquitin-specific proteases (95) called deu-
biquitinating enzymes (DUBs). These enzymes can reverse
ubiquitination by cleaving off ubiquitin chains at their base or
by depolymerizing ubiquitin stretches. Based on domain ho-
mology, DUBs can be further classified into five families: four
groups of cysteine proteases, namely, the ubiquitin C-terminal
hydrolases (UCHs), ubiquitin-specific proteases (USPs), Jose-
phin domain, and ovarian tumor proteases (OTU), and a
group of metalloproteases called JAB1/MPN/MOV34 met-
alloenzymes or JAMMs (62). Most DUBs are modular and con-
tain additional protein-protein interaction domains or ubiqui-
tin binding domains, both of which help to determine DUB
substrate and ubiquitin chain linkage specificity (115). Inter-
estingly, DUBs associate in multimeric protein complexes with
E3 ligases, and in this way they directly regulate ubiquitin ligase
activity (151).

Over the past few years, ubiquitination has been implicated in
the regulation of numerous cellular processes, such as protein
turnover (7, 14), cell cycle regulation, cell death, endocytosis, au-
tophagy, DNA repair (1), and initiation and regulation of the in-
nate and adaptive immune responses (9, 80). The role of ubiquitin
in the activation of NF-�B, an important transcription factor in
innate immune regulation, has been extensively studied and re-
viewed, especially in the context of signaling by tumor necrosis
factor (TNF) receptor I (TNFRI) and Toll-like receptors (s) (42,
133, 160). However, recent research also indicates that ubiquitin-
ation has an important role in signal transduction during the in-
nate antiviral immune response. The most compelling evidence
for this probably came from a study that generated a cell line
for inducible replacement of the four endogenous ubiquitin-
encoding genes with a K63R mutant form of ubiquitin, which
prevents the formation of K63-linked polyubiquitin chains (164).
When these cells were infected with Sendai virus, antiviral signal
transduction could not proceed in the absence of K63-specific
ubiquitin chain formation (175). Conversely, restoring the system
with wild-type ubiquitin or a K48R ubiquitin mutant had no sig-
nificant effect. Many viruses have developed strategies to down-
modulate the cellular antiviral response in order to promote their
own propagation and to evade the host immune response. These
strategies include the action of virus-encoded E3 ligases or DUBs
that modulate the ubiquitination status of host cell proteins (73,
110, 112, 156). These phenomena further highlight the impor-
tance of ubiquitin-mediated signaling in protection against these
pathogens.

THE FAMILY OF RIG-I-LIKE RECEPTORS

Viral infection induces a strong antiviral immune response char-
acterized by robust production of proinflammatory cytokines and
antiviral type I interferons (type I IFN). Expression of type I IFN is
directed mainly by the transcription factors nuclear factor-�B
(NF-�B) and interferon regulatory factor (IRF) (47). The release

of type I IFN promotes the transcription of a variety of genes that
lead to limitation of further viral replication. Type I IFN secretion
also contributes to the activation of several types of immune cells,
including dendritic cells (DC), natural killer cells, monocytes, and
macrophages, and it shapes the adaptive immune response by act-
ing directly on T and B cells.

The innate immune response against invading pathogens is
often initiated by detection of conserved molecular patterns by
pathogen recognition receptors (PRRs) (139). Unlike bacteria,
fungi, and parasites, viruses rarely contain signature molecules
that can be detected by PRRs because they employ the cellular
machinery to replicate, and so the viral proteins are indistinguish-
able from self proteins. Therefore, the host relies on detection of
viral nucleic acid by two types of PRRs: nucleic acid-sensing TLRs
(TLR3, -7, -8, and -9), which are localized in the endolysosomes,
and RIG-I (retinoic acid-inducible gene I)-like receptors (RLRs)
and viral DNA sensors, which reside in the cytoplasm (97). Al-
though RLRs are generally considered to be the main PRRs for
sensing RNA viruses, recent studies also implicate additional cy-
toplasmic RNA sensors, including members of the NOD-like re-
ceptor (NLR) family, such as NOD2 (119) and NLRC5 (94), and
the DExD/H helicases DDX1, DDX21, and DDX36 (178). The
signaling events that depart from these receptors are beyond the
scope of this review. So far, three members of the RLR family have
been described: RIG-I, MDA5 (melanoma differentiation-
associated gene 5), and LGP2 (Laboratory of Genetics and Physi-
ology 2), which bind to structurally different RNA molecules (92,
166). All three members of the RLR family are characterized by the
presence of a central DExD/H box RNA helicase domain. RIG-I
and MDA5, but not LGP2, also carry two N-terminal CARDs
(caspase activation and recruitment domains) that are essential
for initiating downstream signaling events. Ligand binding occurs
at the carboxyl-terminal domain (CTD), which contains a posi-
tively charged RNA binding pocket (15, 138). Additionally, the
C-terminal ends of both RIG-I and LGP2 contain a regulatory
domain (RD) that keeps these RNA sensors in an inactive confor-
mation in the absence of their respective ligands.

Most cell types rely on RLRs for sensing viral nucleic acids, but
plasmacytoid dendritic cells (pDC) do not. pDC, formerly re-
ferred to as natural interferon-producing cells, are specialized type
I IFN producers and rely solely on the nucleic acid sensing TLRs
(mainly TLR7, -8, and -9) for the robust production of type I IFNs
(56). RIG-I is indispensable for type I IFN responses to many
single-stranded RNA viruses, including negative-stranded viruses
of the families Orthomyxoviridae (including influenza A virus)
and Paramyxoviridae (such as mumps virus, measles virus, and
Sendai virus) and positive-stranded viruses, e.g., hepatitis C virus
(78). RIG-I-deficient cells fail to induce an antiviral immune re-
sponse against these viruses (56, 58). Similarly, MDA5 is essential
for protection against a different set of viruses, including picorna-
viruses, such as poliovirus and encephalomyocarditis virus (35).
Some viruses can be recognized by either RIG-I or MDA5. Little is
known about which viruses are detected by LGP2 (98), but recent
evidence suggests that LGP2 facilitates recognition of viral RNA by
MDA5 (123).

Specificity toward viral RNA is maintained by the endolyso-
somal compartmentalization of TLRs that sense viral nucleic acids
and their ligands, rather than by the structural properties of the
nucleic acids (11). On the other hand, RLRs reside in the cyto-
plasm and thus encounter a broad range of potential RNA ligands,
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including self RNAs such as tRNA, rRNA, mRNAs, and micro-
RNAs. Therefore, RLRs must discriminate rigorously between self
and foreign RNAs to prevent an uncontrolled antiviral immune
response. While most self RNAs are capped at their 5= ends, viral
RNA is generally not modified, and several biochemical studies
have identified unmodified 5=-triphosphorylated single-stranded
RNA (ssRNA) as the optimal RIG-I agonist. Further detailed anal-
ysis demonstrated that base pairing close to the 5= terminus of
RNA is also required for efficient binding to the RIG-I CTD (124,
125). Interestingly, these structures can be found at the termini of
the genomes of many ssRNA viruses, such as the Paramyxoviridae,
Orthomyxoviridae, and Flaviviridae, which are known to fold into
double-stranded panhandle-like structures. Ligand specificity of
MDA5 is not well understood, but MDA5 generally binds to lon-
ger (�2-kb) highly branched double-stranded RNA (dsRNA) (57,
108). Some of these molecules are part of the dsRNA found in the
viral genomes of Picornaviridae (35, 58), but others are generated
as by-products of viral replication (159). Interestingly, another
aspect of MDA5 specificity is that proper signal transduction
downstream of MDA5 depends on the presence of mRNA that is
not 2=-O methylated (16, 184).

Apart from the rigorous control of RLR signaling at the level of
ligand specificity, downstream signaling pathways are also con-
trolled stringently. In part, the modulation of these signaling
events, as discussed below, is performed by the ubiquitination
machinery in the initial stage of ligand recognition, during the
signaling events downstream of RLRs, or during the final stage by
controlling the transcription factors involved in antiviral gene ex-
pression.

IT ALL STARTS WITH UBIQUITINATION OF RIG-I

TRIM25

One of the first events following viral infection is robust ubiquitin-
ation of RIG-I. This is mediated partly by the K63-specific RING
ubiquitin ligase TRIM25 (Fig. 1), a member of the tripartite motif
(TRIM) protein family (29). TRIM proteins are characterized by
the presence of a RING/Bbox/coiled-coil (RBCC) tripartite motif
consisting of a RING finger domain with E3 ligase activity, one or
two B box domains, and a coiled-coil domain, and they are in-
volved in numerous cellular processes, including antiviral im-
mune regulation (85, 89). Biochemical analysis revealed lysine
residue 172 of RIG-I as the primary target of TRIM25-mediated
ubiquitination. This amino acid proved to be crucial: mutating
K172 almost completely abrogates downstream signaling because
RIG-I can no longer bind to the MAVS (mitochondrial antiviral
signaling protein) adaptor protein. Furthermore, a splice variant
of RIG-I lacking the TRIM25 interaction domain that is strongly
upregulated after viral infection acts as a naturally occurring dom-
inant negative inhibitor of RIG-I signaling (28). Interestingly, the
influenza A virus nonstructural protein 1 (NS1), which sequesters
dsRNA, also efficiently inhibits TRIM25-induced RIG-I ubiquitin-
ation by blocking TRIM25 oligomerization and subsequent acti-
vation (Fig. 1) (27). This finding further underscores the impor-
tance of TRIM25 in the RIG-I signaling pathway.

Riplet

Using either the C-terminal region of RIG-I or the full-length
protein as bait in a yeast two-hybrid screening, two groups inde-

FIG 1 RIG-I (de)activation. 5=-triphosphorylated dsRNA binds to the C-terminal domain of RIG-I. This causes dimerization of RIG-I and induces it to undergo
a conformational change that exposes the two N-terminal CARDs. This allows the binding of Riplet and TRIM25 ubiquitin ligases, which attach K63-specific
polyubiquitin chains to RIG-I. The functions of TRIM25 are antagonized by the influenza virus protein NS1 and by the HOIL-1L/HOIP complex. Additional
unanchored K63-linked polyubiquitin chains bind to the CARDs. These ubiquitin modifications facilitate the binding of the mitochondrial adaptor protein
MAVS. After signal transduction, RNF125 polymerizes K48-linked ubiquitin chains onto RIG-I, which leads to its degradation by the proteasome. CYLD
constitutively removes the activating K63-linked polyubiquitin chains from RIG-I.
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pendently identified the ring finger E3 ligase Riplet as a novel
binding partner for RIG-I. Riplet stands for RING finger protein
leading to RIG-I activation, and it is also named RNF135 or REUL.
Like TRIM25, Riplet attaches K63-linked polyubiquitin chains to
RIG-I and thus promotes downstream signaling (Fig. 1). How-
ever, in the case of Riplet, the RIG-I ubiquitination sites remain
controversial. Whereas Oshiumi and colleagues identified K849
and K851, located on the CTD of RIG-I, as the crucial ubiquitin-
anchoring residues (100), Gao et al. pinpointed K154, K164, and
K172 on the N-terminal CARDs (30). This contradiction could
have been due to the different cloning strategies used to generate
RIG-I deletion mutants for protein interaction studies. The gen-
eration of RNF135-deficient mice established the essential role for
Riplet in vivo, since these animals were more susceptible to vesic-
ular stomatitis virus (VSV) infection and could not mount an
effective antiviral immune response (101). Furthermore, both
Riplet-deficient fibroblasts and conventional DC, but not pDC,
showed defective early type I IFN production in response to VSV,
influenza A virus, and hepatitis C Virus.

Unanchored Polyubiquitin Chains

Recently, Zeng and colleagues designed an elegant “infection-
free” system for studying the RIG-I signaling pathway in vitro
(174). RIG-I-induced IRF3 and NF-�B could be activated by in-
cubating purified RIG-I with its ligand, 5=ppp-ssRNA, together
with recombinant E1 and E2 (either Ubc5c/Ubc5b or Ubc13/
Uev1A) and a RIG-I-specific E3 enzyme (TRIM25). Remarkably,
replacing the whole ubiquitin machinery by in vitro-translated
K63-linked ubiquitin chains fully restored IRF3 activation. The
two sequential CARDs of RIG-I were crucial for polyubiquitin
binding, and they had the strongest affinity for short tetrameric
K63-linked polyubiquitin chains, which are also the most potent
activators of IRF3. These observations led the authors to propose
the following RIG-I activation model. When the CTD of RIG-I
recognizes viral RNA molecules, RIG-I undergoes conformational
changes that expose the N-terminal tandem CARDs, which then
noncovalently bind free K63-linked polyubiquitin chains. The
bound ubiquitin stretches then serve as scaffolds that promote
the oligomerization of multiple activated RIG-I molecules and the
subsequent binding of the adaptor protein MAVS. This assembly
provides the basis for the antiviral signaling platform (Fig. 1).
However, the source of the free polyubiquitin chains is not clear.
In the study by Zeng et al. (174), the abundant unanchored poly-
ubiquitin chains pulled down by RIG-I CARDs were most likely
due to overexpression of the CARDs. In cells containing endoge-
nous full-length RIG-I, it was proposed that viral RNA binding to
the CTD of RIG-I exposes the N-terminal CARD, which then
recruits TRIM25 to make unanchored K63 polyubiquitin chains.
These unanchored polyubiquitin chains would be rapidly de-
graded unless they are bound to the RIG-I CARDs. Alternatively,
it cannot be excluded that TRIM25 directly conjugates K63 poly-
ubiquitin chains onto RIG-I, which would create a microenviron-
ment in which abundant K63-linked polyubiquitin chains are
available for cleavage by an unknown deubiquitinase and pre-
sented to the RIG-I CARD. So far, unanchored polyubiquitin
chains have also been shown to be involved in the activation of
both TAK1 and IKK protein kinase complexes (162) and in the
regulation of p53 protein stability (17).

RIG-I-INDUCED SIGNAL TRANSDUCTION AND
UBIQUITINATION GO HAND IN HAND

When RIG-I recognizes its ligand, it rapidly associates with
MAVS, also called Cardif, IPS-1, or VISA. MAVS contains an
N-terminal caspase activation and recruitment domain (CARD),
which allows it to associate with the exposed CARD present on
activated RIG-I and MDA5 molecules. MAVS harbors on its car-
boxyl terminus a transmembrane (TM) domain, which anchors
the protein in the outer membranes of mitochondria, where it
functions as the central adaptor protein in RLR signaling and con-
trols downstream signaling events (60, 66, 86, 163). However, an-
tiviral signaling is not restricted to mitochondria. MITA (media-
tor of IRF3 activation, or STING) facilitates MAVS complex
formation and colocalizes with both mitochondria and the endo-
plasmic reticulum (ER) (54, 182). Furthermore, selective target-
ing of MAVS to peroxisomes can sustain the immediate-early ex-
pression of antiviral genes (20). Activated MAVS interacts with
several different downstream signaling proteins to form an anti-
viral signaling platform. Among these molecules are TRADD (tu-
mor necrosis factor receptor type 1-associated death domain)
(87), RIP1 (receptor-interacting serine/threonine-protein kinase
1), FADD (Fas-associated protein with death domain) (6), and the
proapoptotic proteins caspase-8 and caspase-10 (136), which
were originally characterized in the context of signal transduction
mediated by tumor necrosis factor receptor I (TNFRI). These pro-
teins also mediate downstream signaling to NF-�B and IRF3/7. As
discussed below, RIG-I signaling leading to the activation of these
transcription factors shows many similarities with the TNFRI and
TLR signaling pathways (Fig. 2).

Role of Polyubiquitin Binding Scaffold Proteins

The IKK complex. Transcription factors of the NF-�B family reg-
ulate the expression of many genes and usually function as a p65-
p50 heterodimer. Under normal conditions, NF-�B is associated
with I�B� (inhibitor of NF-�B), which retains NF-�B in the cy-
toplasm by masking its nuclear localization signal sequence. Upon
stimulation of TNFRI, the IKK (I�B� kinase) complex phosphor-
ylates I�B� and thereby primes it for K48-linked polyubiquitina-
tion. This process is mediated by the cullin-RING SCF�TrCP

(Skp1-Cul1-Fbox protein/�-transducin repeat-containing pro-
tein) and results in proteasomal degradation of I�B� and nuclear
translocation of NF-�B (135). The IKK complex consists of three
subunits: two enzymatically active kinases (IKK� and IKK�; the
latter is crucial for I�B� phosphorylation) and a regulatory sub-
unit called NEMO (NF-�B essential modulator) or IKK�. The
mechanism by which RIG-I activates NF-�B is still unclear but
most likely resembles TNFRI signaling to NF-�B (Fig. 2). TNF-
induced activation of the IKK complex requires the TAK1 (trans-
forming growth factor � [TGF�]-activated kinase 1) complex,
including TAK1 itself and the regulatory subunits TAB1 (TAK1
binding protein) and either TAB2 or TAB3 (75). A typical feature
of the regulatory subunits NEMO, TAB2, and TAB3 is the pres-
ence of specific UBDs that recognize K63-linked and linear poly-
ubiquitin chains and mediate the recruitment of IKK and TAK1
kinases to ubiquitinated upstream signaling proteins in the
TNFRI signaling complex. NEMO and TAB2/3 are also ubiquitin-
ated, which is believed to bring the TAK1 and IKK complexes close
to each other. Interestingly, NEMO and TAB scaffold proteins can
also be activated by unanchored K63-linked polyubiquitin chains
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FIG 2 Similarities between signaling by RIG-I, TNFRI, CD40, and TLR4. Upon activation, RIG-I recruits the E3s TRAF6, TRAF2/5, cIAP1/2, and TRAF3
through the MAVS adaptor protein. When TRAF6 and RIP1 are K63 (auto)polyubiquitinated, they recruit the TAK1 and IKK complexes to the RIG-I receptor
complex. TAK1 phosphorylates and activates the IKK complex, leading to activation of IKK� and subsequent I�B� phosphorylation and degradation. This allows
the translocation of NF-�B (p65/p50 dimer) to the nucleus. Similar mechanisms are involved in TNFRI-mediated NF-�B activation, which involves recruitment
of TRAF2/5 via the TRADD adaptor protein. The RIG-I-induced TRAF3-mediated K63-linked autopolyubiquitination is involved in the activation of TBK1 and
IKK� kinases, which phosphorylate IRF3, leading to its dimerization and nuclear translocation. Additionally, K27-linked polyubiquitination of NEMO by
TRIM23 triggers NF-�B and IRF3 activation. The cIAP1/2-mediated K63-linked polyubiquitination of RIP1 and TRAF6/RIP1-mediated recruitment of the
TAK1 complex (arrows) are hypothetical and are based on similarities between TNFRI and TLR4 signal transduction. Upon CD40 stimulation, TRAF2/5 targets
cIAP1/2 for K63-linked polyubiquitination, which then mediate K48-linked polyubiquitination of TRAF3, which targets it for proteasomal degradation. This
prevents the constitutive degradation of NIK by TRAF3, allowing NIK-mediated IKK� activation and IKK�-mediated phosphorylation of p100 NF-�B. This
leads to partial processing of p100 into the p52 NF-�B subunit. The noncanonical NF-�B dimer p52/Rel-B then translocates to the nucleus. TLR4 stimulation
induces the selective ubiquitination of TRAF3, which is either targeted for K48-linked polyubiquitination by cIAP1/2 (MyD88 dependent), leading to NF-�B
activation, or subjected to K63-linked polyubiquitination, leading to IRF3 activation (TRIF dependent). It should be mentioned that specific signaling molecules
have sometimes been reported to be modified by types of ubiquitination other than those that are indicated (e.g., linear polyubiquitination of NEMO in the case
of TNF signaling or K63-linked polyubiquitination in case of TCR signaling), but for reasons of simplicity these have been omitted from the figure.
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(162). It will be worthwhile to analyze whether similar mecha-
nisms contribute to RIG-I induced NF-�B activation.

IRF3 activation. Activation and nuclear translocation of IRF3
require its phosphorylation by the IKK-related kinase TBK1 or
IKK� and its subsequent dimerization (44, 84, 107). While TBK1
is constitutively expressed in most cell types, IKK� needs to be
upregulated in many cell types and is believed to be involved in
maintaining rather than initiating the antiviral immune response
(144). Interestingly, NEMO is indispensable for RLR-mediated
IRF3 activation: type I IFN production is almost completely abro-
gated in NEMO-deficient fibroblasts (181). Like IKK� and IKK�
in TNFRI signaling, both TBK1 and IKK� associate with NEMO
upon viral infection, but these interactions are facilitated by the
NEMO-like adaptor proteins TANK (39), NAP1 (26), and
SINTBAD (118), which are constitutively bound to both TBK1
and IKK� (13). It has been reported that upon viral infection,
TANK interacts with NEMO. Moreover, the binding of TANK
and the C-terminal UBDs of NEMO is required for IRF3 activa-
tion (175, 181). This indicates that the mechanism is analogous to
that of TNFRI signaling, with NEMO acting as a bridging mole-
cule linking upstream polyubiquitinated signaling molecules to
the IKK complex. A putative role for the TAK1 complex in IRF3
activation has not been properly addressed.

Linear ubiquitination. A new role for linear ubiquitination in
TNF-induced NF-�B signaling was reported recently. Linear poly-
ubiquitin chains can be generated by the linear ubiquitin assembly
complex (LUBAC), which is composed of the E3 enzymes HOIL-1L
(heme-oxidized IRP2 ubiquitin ligase 1) and HOIP (HOIL-1L-
interacting protein) and the ubiquitin binding protein SHARPIN
(SHANK-associated RH domain interactor) (33, 52, 145). HOIL-1L
and HOIP jointly catalyze the attachment of linear ubiquitin chains to
NEMO, which generates a stable signaling platform that promotes
the activation of the IKK complex, which results in NF-�B activation
(40, 146, 154). Unlike TNFR signaling, however, RIG-I-mediated
NF-�B activation seems independent of LUBAC (53).

Role of E3 Ubiquitin Ligases

The cIAP1/2-TRAF2-TRAF5 complex. During TNFRI signaling,
the E3 ligases cIAP1 and cIAP2 (cellular inhibitor of apoptosis 1
and 2), in conjunction with their E2 Ubc5 (ubiquitin-conjugating
enzyme 5), mediate the K63-specific polyubiquitination of RIP1 at
the receptor complex (8, 79). These K63-linked chains support the
recruitment of the TAK1 and IKK complexes by binding to the
UBDs of their respective regulatory subunits, TAB2/3 and NEMO
(21). In addition, the RING finger E3 ligases TRAF2 and TRAF5
(TNF-receptor associated factor 2 and 5), both of which exhibit
K63-specific autoubiquitinating activities, are recruited to the TNFRI
signaling complex, and they are believed to have redundant functions
in activating the cIAPs. Similarly, RIP1 is recruited to the MAVS com-
plex by interacting directly with TRADD and MAVS. RIP1-deficient
fibroblasts are highly susceptible to viral infection and fail to produce
type I IFNs upon RIG-I stimulation (6, 87). Upon viral infection,
RIP1 is targeted for K63-linked polyubiquitination, and this modifi-
cation is linked to its ability to promote downstream signaling. Mu-
tation of the crucial ubiquitin attachment site K377 of RIP1 impairs
NEMO recruitment and decreases subsequent IRF3 activation (111).
The E3 ligases cIAP1/2 (81), TRAF2 (88), and TRAF5 (142) are also
recruited to the MAVS complex upon RIG-I stimulation (Fig. 2).
Biochemical studies revealed TRAF2 and TRAF5 interaction motifs
in the C-terminal region of MAVS. Interaction of TRAF5 with MAVS

leads to TRAF5 autoubiquitination and subsequent activation of
IRF3 (142). Although depletion of either TRAF2 or TRAF5 led to
reduced IRF3 and NF-�B activation upon RIG-I stimulation, little
information is known about the underlying mechanisms involved.

TRAF6 activates NF-�B and IRF7. While TRAF2 and TRAF5
are crucial for TNFRI signaling, another member of the TRAF
family of E3 enzymes, TRAF6, mediates the signaling induced by
TLRs and interleukin-1 receptor (IL-1R) (Fig. 2). In cooperation
with the heterodimeric E2 Ubc13/Uev1, TRAF6 promotes its own
K63-specific autoubiquitination and the synthesis of unanchored
K63-specific polyubiquitin chains (67). As in TNFRI signaling, the
polyubiquitin chains synthesized by TRAF6 on K63 promote the
recruitment of both TAK1 and IKK protein complexes to the re-
ceptor, ultimately leading to NF-�B activation. Mutational anal-
ysis identified two putative TRAF6 interaction motifs on MAVS
(163), suggesting a role for TRAF6 in RLR signaling. Indeed,
TRAF6-deficient fibroblasts are more susceptible than normal fi-
broblasts to infection with Sendai virus and vesicular stomatitis
virus (VSV) (64, 168). Although the activation of IRF7 after viral
infection resembles IRF3 activation and involves its direct phos-
phorylation of IRF7 by TBK1 and IKK�, activation of IRF7 and
NF-�B is impaired in TRAF6-deficient fibroblasts but IRF3 acti-
vation is not. This suggests the existence of a unique TRAF6-
dependent pathway diverging from MAVS and specifically sus-
taining the activation of IRF7 and NF-�B (64). This separate
activation of IRF3 and IRF7 is also observed in pDC, in which
TRAF6 is necessary for IRF7 activation after TLR7 and TLR9 ac-
tivation and type I IFN production (59). Uncoupling IRF3 from
the IRF7 activation pathway might be a way of avoiding their
simultaneous inhibition by virus-encoded inhibitory proteins.

K63-linked polyubiquitination of TRAF3 promotes IRF3 ac-
tivation. RLR-mediated IRF3 activation requires the action of an
additional atypical TRAF family member, TRAF3 (41, 96). Like
for TRAF2, -5, and -6, two TRAF3 interaction motifs have been
identified on MAVS (105, 120, 141). Humans expressing mutated
forms of TRAF3 are highly susceptible to encephalitis caused by
herpes simplex virus, and this demonstrates the importance of
TRAF3 in antiviral immunity (106). Unlike TRAF2, TRAF5, and
TRAF6, which activate the canonical NF-�B signaling pathway,
TRAF3 was initially described as an inhibitor of noncanonical
NF-�B activation (70). The noncanonical or alternative NF-�B
pathway is activated by a subset of TNFR superfamily members,
including receptors for BAFF, CD40 ligand, and LT�, which are
associated, respectively, with B cell development, activation, and
the formation of secondary and tertiary lymphoid organs. Nonca-
nonical NF-�B signaling is characterized by the nuclear transloca-
tion of p52-RelB NF-�B family members. Upon receptor activa-
tion of the noncanonical NF-�B pathway, p52 is generated by
partial posttranslational proteasomal degradation of the p100 pre-
cursor protein following its phosphorylation by IKK� and the
NF-�B-inducing kinase (NIK) (134). NIK is also responsible for
the activation of IKK� and thus plays a key role in the activation of
the alternative NF-�B pathway. In resting cells, NIK serves as a
substrate for a cytoplasmic E3 ligase complex containing TRAF2,
TRAF3, and the cIAPs. The cIAPs mark NIK for K48-specific deg-
radative ubiquitination, which keeps NIK levels constitutively low
and thereby prevents p100 processing (70). TRAF3 enzymatic ac-
tivity is not required during this process, but TRAF3 serves as an
adaptor protein linking the cIAPs with NIK. Upon CD40 stimu-
lation, the whole complex translocates to the cytoplasmic domain
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of CD40. There, TRAF2 and the cIAPs are activated and attach
K48-linked ubiquitin chains to TRAF3, resulting in its degrada-
tion and consequently in stabilization of NIK levels and activation
of the noncanonical NF-�B pathway (Fig. 2) (150, 173). Upon
RLR stimulation, TRAF3 is not modified exclusively with K48-
linked ubiquitin chains but also undergoes nondegradative K63-
linked polyubiquitination (104). Using a cell-free reconstitution
system mimicking physiological viral infection, Zeng and cowork-
ers identified the ubiquitin-conjugating enzyme Ubc5 as an essen-
tial component of IRF3 activation (175). In conjunction with
TRAF3, Ubc5 promoted K63-linked TRAF3 autoubiquitination,
which enhanced its ability to bind to NEMO and in this way in-
duced TBK1 and IRF3 activation.

Selective ubiquitination of TRAF3 is not restricted to RLR sig-
naling. For instance, stimulation of TLR4 can induce both K48-
and K63-linked polyubiquitination of TRAF3, which lead to dif-
ferent outcomes. TLR4 engagement induces activation of TRAF6
and cIAP1/2, which leads to K48-linked ubiquitination of TRAF3
and subsequent proteasomal degradation. This process supports
mitogen-activated protein kinase (MAPK) activation. On the
other hand, TLR4 activation also supports the nondegradative
K63-linked autoubiquitination of TRAF3, which is required to
sustain IRF3 activation (Fig. 2). Indeed, selective degradation of
cIAPs by using small-molecule Smac mimetics did not affect
TLR4-induced IRF3-dependent gene induction, but it completely
abolished MAPK activation (148). Following this line of evidence,
Smac mimetics should not influence TRAF3-induced IRF3 acti-
vation after RIG-I stimulation.

Despite the progress in our understanding of the signaling
pathways leading to IRF3 activation, several questions remain. For
example, how can NEMO promote both IKK�/IKK� and TBK1/
IKK� activation? Perhaps the differential recruitment of addi-
tional adaptor proteins, such as TANK, NAP1, and SINTBAD,
causes the NEMO complex to specifically activate IRF3 rather
than NF-�B. Likewise, the recruitment of additional E3 ligases
that promote IRF3 activation might alter the ubiquitination status
of NEMO and its interaction partners. Different types of ubiquitin-
ation might, for example, direct the activation of either NF-�B or
IRF3. Interestingly, NEMO is K27 polyubiquitinated by the E3
ligase TRIM23 after viral infection. However, this modification is
essential for both IRF3 and NF-�B activation in response to viral
infection (Fig. 2) (2). Another important question concerns the
signals that favor K63 linkage-induced (auto)activation of TRAF3
rather than its K48-specific polyubiquitination and degradation.
At least for TLR4 signaling, excluding cIAP1/2 from the signaling
complex is known to support IRF3 activation (148). It is possible
that similar mechanisms specify RIG-I-induced activation of IRF3
and NF-�B. Finally, most studies have focused on RIG-I-mediated
signal transduction, but the molecular mechanisms involved in
MDA5 (and LGP2)-induced NF-�B and IRF3/7 activation have
been somewhat neglected.

PUTTING A BRAKE ON RIG-I SIGNAL TRANSDUCTION

An uncontrolled and sustained innate immune response can re-
sult in tissue damage and chronic inflammatory diseases. Consid-
ering that about 20 viral RNA molecules can be sufficient for IRF3
activation (174), subtle control mechanisms are essential because
of the abundance of cellular RNAs. RIG-I signaling is therefore
negatively regulated at multiple levels and involves deubiquitina-

tion of specific proteins as well as their proteasomal degradation
induced by K48-specific ubiquitin ligases.

Deubiquitinating Enzymes

CYLD controls the ubiquitination status of RIG-I. CYLD is a
deubiquitinase (DUB) of the USP family of DUBs and is specific
for K63-linked and linear ubiquitin chains. Mutations in the
CYLD gene are linked to familial cylindromatosis (10, 137), a con-
dition marked by benign tumors of skin appendages. Apart from
its tumor-suppressive capacities, CYLD is an essential modulator
of both innate and adaptive immune responses. By deubiquitinat-
ing essential signaling molecules (TRAF2, TRAF6, RIP1, and
NEMO), CYLD limits the NF-�B activation induced by TNFRI,
CD40, or TLR stimulation (82). In T cells, CYLD is required for
positive selection of developing double-positive thymocytes, re-
sulting in fewer peripheral T cells in CYLD knockout mice (114,
147). However, CYLD-deficient peripheral T cells are hyperre-
sponsive to T cell receptor (TCR) stimulation due to spontaneous
TAK1 activity (113). This hyperresponsiveness leads to enhanced
basal JNK and NF-�B activation and to the development of spon-
taneous intestinal inflammatory disease (113). Similarly, CYLD-
deficient peripheral B cells proliferate excessively and spontane-
ously activate both canonical and noncanonical NF-�B pathways
(48, 55). Expression profiling studies of several CARD-containing
proteins and various DUBs showed that RIG-I and CYLD cluster
closely together, suggesting a potential physiological role for
CYLD in the regulation of the RIG-I pathway (25). Indeed, CYLD
was shown to interact with the CARDs of RIG-I and to remove
K63-linked polyubiquitin chains from RIG-I, which inhibits
downstream signaling. DC lacking CYLD constitutively polyubiq-
uitinate RIG-I and show enhanced activity of TBK1 and IKK�,
suggesting that CYLD regulates basal RIG-I activity by modulat-
ing its K63-polyubiquitin status (177).

A20 disrupts the TRAF3-TBK1-IKK� complex. A20 is a DUB
that contains an OTU domain and has been implicated in the
negative regulation of several proinflammatory signaling path-
ways, including TNFRI, TLR4, NOD2 (nucleotide binding oligo-
merization domain containing 2), B cell antigen receptor, T cell
antigen receptor, and CD40 signaling (155). In humans, muta-
tions in A20 have been linked to several autoimmune and inflam-
matory disorders, such as systemic lupus erythematosus (SLE),
arthritis, Crohn’s disease, psoriasis, and type I diabetes (152).
These associations point to an important role for A20 in homeo-
static immune regulation. Indeed, A20-deficient mice die prema-
turely from severe multiorgan inflammation (68). This phenotype
could be reversed by intercrossing the mice with MyD88 knockout
animals or treating the mice with broad-spectrum antibiotics, in-
dicating that the severe inflammation seen in A20-deficient mice
is induced by TLR-dependent signals triggered by commensal in-
testinal flora (149). More recently, studies on cell type-specific
A20 knockout mice revealed the key role of A20 in innate immu-
nity and inflammation (references 65, 74, 83, and 153 and our
unpublished results). Reminiscent of the case for CYLD, A20 has
also been described as a putative tumor suppressor gene that is
mutated in several B cell lymphomas (152). Specific deletion of
A20 in B cells led to enhanced proinflammatory cytokine produc-
tion, elevated germinal center formation, autoantibody produc-
tion, and B cell hyperresponsiveness associated with B cell hyper-
plasia. A20 has both deubiquitinating activity (mediated by the
N-terminal OTU domain) and ubiquitin ligase activity (mediated
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by the C-terminal zinc finger-containing domain). Both activities
contribute to the inhibition of TNF-induced signaling, in
which A20 mediates the sequential depolymerization of K63-
polyubiquitin chains on RIP1 and the subsequent attachment of
K48-linked chains, leading to the proteasomal degradation of
RIP1 (161). A20 also leads to the deubiquitination of TRAF6,
NEMO, and RIP2, which interferes with their ability to promote
NF-�B activation. It has been proposed that several ubiquitin
binding adaptor proteins, such as TAX1BP1 (50, 126) and ABIN-1
(157), recruit A20 to its substrates. How A20 acts on such a broad
range of substrates and interferes with several signaling cascades is
not entirely clear. However, A20 was recently found to interact
with and induce the degradation of the E2 enzymes Ubc13 and
Ubc5, illustrating an alternative mechanism by which A20 might
prevent ubiquitination of multiple proteins (128). A20 overex-
pression also restricts RIG-I-mediated signaling (104). Further-
more, A20 overexpression could inhibit IRF3 activation induced
by Sendai virus (158), Newcastle disease virus (122), VSV (72),
and influenza A virus (99), further indicating a role for A20 in the
negative regulation of RIG-I signaling. A20 overexpression was
found to disrupt the TRAF3-containing TBK1 and IKK� activat-
ing complex (104), but the mechanism by which A20 interferes
with RIG-I signaling is still unclear. Although modulation of
TNFRI signaling requires both the DUB and ubiquitin ligase ac-
tivities of A20, DUB activity is not required for inhibiting RIG-I-
mediated antiviral signaling. Moreover, the TAX binding protein
1 (TAX1BP1) of human T-lymphotropic virus, an adaptor protein
that is crucial for the NF-�B inhibitory functions of A20 (50, 126),
is also indispensable for A20-mediated inhibition of IRF3 activa-
tion. ABIN-1 cooperates with A20 in a similar fashion to disrupt
the TRAF3-TBK1-IKK� signaling complex (31). Effective RIP1
degradation during TNF-induced signaling requires the coopera-
tion of A20 with two other ubiquitin ligases, ITCH (Itchy, also
called AIP4 [atrophin-1-interacting protein 4]) and RNF11 (127,
129). Whether these E3 ligases are also essential for A20-mediated
RIG-I inhibition is not known.

TRAF3 deubiquitination by DUBA. Deubiquitinating enzyme
A (DUBA) (also known as OTUD5) is another DUB of the OTU
subfamily. It was identified as a potent inhibitor of both RIG-I-
and MDA5-mediated signaling during small interfering RNA
(siRNA)-based screening for regulators of type I IFN production
(61). DUBA was shown to physically interact with TRAF3 and atten-
uate its K63-specific autoubiquitination, interfering with its capacity
to bind and activate TBK1. A ubiquitin interaction motif in the
C-terminal part of DUBA facilitates binding to activated polyubiq-
uitinated TRAF3. As expected, depletion of DUBA does not affect
noncanonical NF-�B activation, which is entirely dependent on
TRAF3 K48-specific degradative ubiquitination. Although indica-
tions for an in vivo role of DUBA are still lacking because DUBA-
deficient animals have not been generated yet, indirect evidence came
from studies with IL-1R knockout animals. Strikingly, IL-1R-
deficient conventional DC are unable to produce IFN-�, possibly due
to increased basal expression levels of DUBA (36).

OTUB1 and OTUB2 deubiquitinate TRAF3 and TRAF6. Two
other OTU domain-containing DUBs, OTUB1 and OTUB1, were
identified in a protease cDNA array screen as inhibitors of RIG-I-
and TLR3-induced IRF3 activation. Upon viral infection, recruit-
ment of both OTUB1 and OTUB2 to the MAVS complex at the
mitochondria promotes deubiquitination of TRAF3 and TRAF6
(69). In vitro studies have shown that OTUB1 is specific for K48-

linked ubiquitin chains (22). It is therefore not clear how OTUB1
can modify K63 polyubiquitination of TRAF3 and TRAF6 in cells.
Interestingly, a similar discrepancy in ubiquitin chain specificity
has been noticed in the case of A20 (161). It is possible that certain
cellular proteins change the specificity of OTUB1 and A20 from
K48- to K63-specific deubiquitination. Alternatively, OTUB1, like
A20, might affect K63-linked polyubiquitination independently
of its catalytic activity by interfering with E2 enzymes. In this con-
text, OTUB1 has been shown to interact with and inhibit the ac-
tivity of the E2 enzyme Ubc13, which is the cognate enzyme for the
E3 RNF168, during the DNA damage response. This inhibition of
Ubc13 prevents the RNF168-mediated ubiquitination of chroma-
tin binding proteins and consequently interferes with DNA repair
(91). It is possible that OTUB1 modulates K63-linked polyubiq-
uitination of TRAF3 and TRAF6 in a similar manner.

K48-Specific E3 Ligases Trigger Proteasomal Degradation of
RIG-I and Downstream Signaling Molecules

RNF125 promotes degradation of RIG-I, MDA5, and MAVS.
The E3 ligase RNF125 was identified during attempts to isolate
binding partners of UbcH8 (4), an E2 known to promote ISG15
conjugation to RIG-I (3). RNF125 (also known as TRAC-1 or T
cell RING 1) belongs to a small subfamily of RING finger ubiqui-
tin E3 ligases and is characterized by C-terminal Zn fingers and a
K48-specific ubiquitin interaction motif (34). RNF125 positively
regulates T cell receptor signaling (179) and inhibits HIV-1 repli-
cation (132). Together with the E2 ubiquitin-conjugating enzyme
UbcH5, RNF125 mediates the attachment of K48-linked poly-
ubiquitin chains to RIG-I, MDA5, and MAVS, targeting them for
proteasomal degradation and thereby inhibiting the antiviral im-
mune response (4).

Linear ubiquitination inhibits RIG-I signaling. Linear poly-
ubiquitin chains generated by the linear ubiquitin assembly com-
plex (LUBAC), which is composed of the E3 enzymes HOIL-1L
and HOIP, are involved in NF-�B activation after TNF stimula-
tion (40, 146, 154). In contrast, LUBAC seems to be unnecessary
for RIG-I-mediated NF-�B activation. In fact, LUBAC acts as a
negative regulator of RIG-I-mediated activation of NF-�B and
IRF3. HOIL-1L and HOIP seem to interfere with antiviral signal-
ing at different levels during RIG-I activation. While HOIL-1L
and HOIP act synergistically to polyubiquitinate the RIG-I-
modifying E3 ligase TRIM25, leading to its degradation, HOIL-1L
could act independently from HOIP by competing with TRIM25
for binding to RIG-I (53). Although linear ubiquitination has
been shown to also mark proteins for proteasomal degradation
(180), it is not clear which chain type is responsible for protea-
somal degradation of TRIM25. LUBAC has also been shown to
promote K48 polyubiquitination of TRIM25, but there is no evi-
dence for direct conjugation of K48-polyubiquitin chains to
TRIM25 by this complex (53).

AIP4 promotes degradation of MAVS. After initializing the
antiviral immune response, MAVS is ubiquitinated on K48 by the
HECT domain-containing E3 ligase AIP4 (or its murine ortholog
ITCH); this leads to rapid degradation of MAVS (169). Typically,
HECT E3 ligases contain N-terminal WW domains, which allow
them to interact with phosphorylated serine or threonine residues
that are followed by a proline in their target proteins. AIP4 cannot
bind directly to MAVS, but it is sequestered to MAVS by PCBP2.
The latter protein contains small multiple WW binding domains,
and its expression is augmented upon viral infection. Overexpression
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of PCBP2 enhanced the interaction of AIP4 with MAVS and subse-
quently promoted its K48-specific ubiquitination. AIP4 has been im-
plicated in the modulation of several other biological pathways, in-
cluding TNFRI signaling. In this context, AIP4 associates with A20
and TAXBP1 to promote K48-linked polyubiquitination of RIP1,
which inhibits the downstream signaling that leads to NF-�B activa-
tion (127). Itch-deficient mice develop several immune disorders,
including dermatitis, lymphoid hyperplasia, and progressive pulmo-
nary interstitial inflammation, and they die at the age of 6 to 8 months
(49). The autoimmune phenotype of ITCH knockout mice could be
attributed to changes in T lymphocytes (24, 77, 103). However, fail-
ure to inhibit RLR signaling in the absence of ITCH, which leads to
enhanced type I IFN production, could contribute to the autoim-
mune disorders of these mice.

Degradation of MITA by RNF5. The activity of MITA, a crucial
adaptor protein promoting the recruitment of TBK1 and IKK� to
MAVS, was recently shown to be modulated by the RING
domain-containing E3 ligase RNF5, which specifically promotes
MITA degradation at the mitochondria (183). RNF5 localized at
the ER has been implicated in protein quality control (18, 143).
Interestingly RNF5 translocates to the mitochondria following vi-
ral infection, where it induces proteasomal degradation of MITA
by targeting it for K48-linked polyubiquitination, hence inhibit-
ing downstream signaling.

Triad3A induces degradation of TRAF3. The essential role of
TRAF3 in antiviral signal transduction makes it an attractive tar-
get for proteins modulating RLR signaling. In addition to the re-
moval of K63-linked polyubiquitin chains from TRAF3 by DUBs
such as DUBA and OTUB1, TRAF3 is also subjected to K48-linked
degradative polyubiquitination. Upon viral infection, Triad3A,
the dominant splice variant of the RING finger type E3 ligase
Triad, is upregulated; it functions as a K48-specific E3 that in-
creases TRAF3 turnover (93).

K48-Specific Ubiquitin Ligases Targeting Transcription Factors

Regulating the stability of transcription factors is an important
mechanism for controlling immune homeostasis. The transcrip-
tion of IFN-� requires the cooperative binding of several tran-
scription factors, such as ATF-2/c-Jun, NF-�B, and IRF3 or IRF7,
to the IFN-� promoter (102). The activation of each of these tran-
scription factors is well described, but the mechanisms involved in
the disassembly of this complex are not entirely understood.
When it binds its promoter, the NF-�B subunit p65 is degraded by
nuclear proteasomes, a process that is controlled by the E3 ligases
SOCS1 (suppressor of cytokine signaling 1) (117), PDLIM2 (PDZ
and LIM domain protein 2) (140), and COMMD1 (COMM
domain-containing protein 1) (32). Interestingly, IRF3 is also de-
graded after prolonged viral infection, and its degradation could
be blocked by the proteasome inhibitor MG-132. One of the pro-
teins regulating the stability of activated IRF3 is the peptidyl-
prolyl isomerase Pin1. IRF3 activation depends on the immediate
inducible phosphorylation of two C-terminal serine clusters (71).
Pin1 contains an N-terminal WW domain that specifically inter-
acts with a phosphorylated serine 339-proline 340 motif on IRF3,
leading to its polyubiquitination and degradation. Phosphoryla-
tion of Ser339 is delayed compared to the activating C-terminal
phosphorylation of IRF3 and coincides with decreased type I IFN
production (121). The kinases and ubiquitin ligases involved in
proteasome-mediated degradation of IRF3 are unknown. How-
ever, several E3 ligases have been shown to promote K48-specific

polyubiquitination of IRF3. One of these is the ubiquitin ligase
HOIL-1L (also called RBCK1) (176). Overexpression of HOIL-1L
promotes the proteasome-mediated degradation of IRF3, but no
biochemical studies have proved that IRF3 is a direct substrate for
the ligase activity of HOIL-1L. Also, HOIL-1L deficiency in fibro-
blasts does not affect IRF3 stability, and this brings into question
the proposed role of HOIL-1L as a predominant IRF3-specific E3
ligase (53). Another potential candidate for K48-linked polyubiq-
uitination of IRF3 is the recently discovered E3 ligase RAUL,
which can directly catalyze K48-linked polyubiquitination of both
IRF3 and IRF7 (171). Nonetheless, degradation of IRF3 by RAUL
occurs independently of the phosphorylation status of Ser339, sug-
gesting that RAUL primarily regulates basal IRF3 and IRF7 levels.
Another good candidate is the RING domain-containing E3 ligase
TRIM21 (also known as Ro52), which is frequently found as an
autoantigen in SLE and Sjörgen’s syndrome. TRIM21 migrates to the
nucleus upon IFN-� treatment and catalyzes the K48-linked poly-
ubiquitination of IRF3 (46), IRF7 (45, 170), and the proinflamma-
tory transcription factor IRF5 (23). In contrast, TRIM21 promotes
the ubiquitination and stabilization of IRF8, a transcription factor
involved in differentiation of macrophages, DC, and B cells. Stabili-
zation of IRF8 leads to increased IL-12p40 expression (63). This dem-
onstrates an additional level of complexity in the regulatory potential
of TRIM21. The important immune regulatory role of TRIM21 is
reflected in knockout mice, which develop IL-23/Th17-dependent
inflammation and systemic autoimmunity in response to minor in-
sults such as ear tagging (12, 23).

CONCLUSIONS AND PERSPECTIVES

Since the initial report in 2004 describing RIG-I as a cytosolic
sensor of viral RNA (167), RIG-I and its family members MDA5
and LGP2 have been studied extensively. Substantial progress has
been made in the characterization of the molecules involved in
RLR-mediated signal transduction, and several studies have re-
vealed a key role for various ubiquitin-modifying enzymes in the
induction of the antiviral immune response. The importance of
ubiquitination in RLR-induced antiviral signaling is also empha-
sized by the fact that several viruses encode proteins that interfere
with ubiquitination as a defense against RLR-induced antiviral
immune responses. For example, the influenza A virus protein
NS1 prevents type I IFN production by interfering with the
TRIM25-mediated activation of RIG-I (27). The immediate-early
transcription factor RTA (replication and transcription activator)
of Kaposi’s sarcoma-associated herpesvirus promotes IRF3 and
IRF7 degradation by stimulating their K48-specific polyubiquitin-
ation by RAUL (171, 172). Nevertheless, much work is required to
understand how the infected cell senses viruses and how viruses
fight back. For example, what signaling pathways besides IFN in-
duction are regulated by RLRs? Can RLRs sense self molecules
under certain conditions? What are the molecular patterns recog-
nized by MDA5, and what is the function of LGP2? Do different
cell types respond in different ways? How do different PRRs talk to
each other? Is compartmentalization of ubiquitin networks dur-
ing antiviral RIG-I signaling critical for cellular responses? Com-
partmentalization of E3 ligases, DUBs, and ubiquitin receptors is a
general phenomenon in the ubiquitin-mediated signaling field,
and various E3 ligases are recruited to the mitochondria, where they
control mitochondrial function (37). It will therefore be of interest to
study the spatial regulation of the ubiquitin network at the mitochon-
dria following RLR stimulation. Furthermore, we do not know much
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about the dynamic regulation of immune cell activation, which is
likely very complex. A combination of imaging technologies, systems
biology, genetics, and immunology will be needed to uncover the
details of pathogen-induced inflammatory responses and how they
relates to pathogenesis of viral diseases.

Polymorphisms in RIG-I, MDA5, and MAVS have been linked
to autoimmune disorders such as type I diabetes (131) and SLE
(76, 109). Similarly, polymorphisms in TRIM21 (23) and A20 (38,
90) have been linked to SLE. This is somewhat expected because
most of these conditions are associated with increased type I IFN
production. In addition, aberrant expression of TBK1 and IKK�
has been shown to contribute to breast cancer formation and lung
cancer progression (130). It is still unknown if similar polymor-
phisms or aberrant gene expression of RLRs and RLR signaling
proteins affect human susceptibility to viral infections. We antic-
ipate that E3 ubiquitin ligases and DUBs will prove to be impor-
tant new targets for mechanism-driven drug discovery. Further-
more, antisense targeting of specific negative regulatory proteins
involved in RLR signaling (e.g., DUBs and ubiquitin ligases) by
using synthetic 5=-triphosphate RNA oligonucleotides to stimu-
late RIG-I might be useful for treatment not only of infectious
diseases but also of immune disorders and cancer. A more com-
plete understanding of how RIG-I is regulated by ubiquitination
will facilitate the difficult task of selectively interfering with harm-
ful immune responses while enhancing beneficial ones.
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